We present a two-photon-induced polarization-multiplexed and multilevel data storage method with a bisazobenzene copolymer film. A polarization-adjustable femtosecond pulsed laser is used as writing beam to induce anisotropy, and the recorded information is retrieved by a CCD sensor from the film with corresponding polarized illumination. It is found that the optical axis of bisazobenzene molecules can be reoriented under two-photon excitation by the polarized femtosecond laser via a photoisomerization process. Polarization-multiplexed and multilevel storage is demonstrated by using this method. The capability to combine both advantages of these distinct techniques makes it a novel approach to obtain higher optical data density.
To overcome the storage density limitation determined by the diffraction limit of light, many new techniques, such as holographic storage [1, 2] , nearfield storage [3] [4] [5] , and two-photon (2P) 3D storage [6, 7] , have been intensively researched in the past decades. Because of its high spacial resolution, 2P excitation data storage by focusing intense laser pulses inside the medium has shown great potential to achieve high volume density. A variety of materials have been used successfully in 2P excitation data storage, including photochromic [6] , photobleaching [7] , and photorefractive materials [8] .
Multiplexed and multilevel storage are other approaches that can further increase optical data density in the domain of 2D storage. Compared with the current storage technologies, which are focusing on shortening the laser wavelength and increasing the NA of the objective to obtain smaller spot size, both multiplexed and multilevel storage have the capability to multiple the storage density without changing the optical parameters and mechanical systems. Multiplexed storage (e.g., wavelength-multiplexed or polarization-multiplexed storage) provides an approach to increase the information density by storing multiple and individually addressable data at the same recording surface. It has been demonstrated that nine different data pages can be recorded at the same position of the medium surface by utilizing both polarization and wavelength multiplexed optical memory with a plasmonic gold-nanorods-based recording material [9] . However, the data are not erasable because of the irreversible photothermal reshaping of the gold nanorods. A rewritable polarizationencoded multilayer data storage method was applied with a polystyrene film doped with azo dye 2,5-dimethyl-4-(p-nitro-phenylazo)anisole to multiplex six letters in three layers, but an amount of undesired cross talk went with the readout bits [10] . As with multiplexed storage, multilevel storage, using signal amplitude modulation or signal waveform modulation, offers considerable improvement to storage capacity and data transfer speed at a low cost [11, 12] . The ability to support good compatibility with other developing technologies while increasing storage capacity by log 2 ͑N͒ times (N level) over conventional binary memory has been the key in its development.
Although so many storage approaches have been intensively exploited and each has its own merits, reports on techniques integrating two or more approaches are still scarce. In this Letter, for the first time to our best knowledge, we present the evidence of the capability to combine both advantages of multiplexed and multilevel methods by two-photoninduced polarization storage in photoisomeric copolymer film.
Bisazobenzene copolymer is chosen as the medium for two-photon-induced polarization storage. Investigations into polarization-multiplexed storage reveal that azo material is a promising candidate because of its geometrical isomerization and photostability among a variety of materials [10, 13] . Polymers containing bisazobenzene chromophores, which have two alternated azo bonds between three benzene rings, are considered to have a better storage effect that is due to their larger nonlinear optical properties, enhanced birefringence, and thermal stability in comparison with similar derivatives containing azobenzene chromophores [14] . Recently we showed that anisotropy can be induced in poly[(methyl meth acrylate)-co-4-{(2-methacryloyloxyethyl)oxy}-4Ј-(4-nitrophenylazo)azobenzene)](poly(MMA-co-M2BAN)) film under 2P excitation, and recorded data were read out by a confocal laser scanning microscope in reflection mode [15] . We prepared the poly(MMA-co-M2BAN) film samples with thickness of 5 m by a drop-coated method [15] . The polymer sample has a maximum absorbance of 3.1 ͑a.u.͒ at 370 nm. The high absorbance makes it possible for 2P excitation by femtosecond laser pulses at wavelength of 800 nm.
The optical configuration for recording and reading data is illustrated in Fig. 1 . A linearly polarized Ti:sapphire femtosecond pulsed laser beam with wavelength of 800 nm, pulse duration of 80 fs, and repetition rate of 80 MHz was applied as the recording light source for 2P excitation. A Glan-Taylor prism was used to create pure linear polarization state of the recording beam. The laser was tightly focused inside the sample by a high-NA objective (40ϫ, NA= 0.65). A piezo-driven nanopositioning stage and a shutter controlled synchronously by a computer were utilized to determine each bit location and exposure time. Unlike the optical setup reported in [15] , the recorded data were read out by a transmission type microscope. Light emitted from a halogen lamp was used as a reading beam after being converted into parallel rays and polarized. The reading beam passed though the sample and then reached the CCD sensor. The detected signal was finally transmitted to the computer to form a magnified image.
Polarization-multiplexed storage in poly(MMA-co-M2BAN) film was accomplished as follows. First, the 0°(horizontally) polarized femtosecond laser was introduced into the sample for writing a bit sequence. The exposure time of each bit was 35 ms, and the average continuous power of the incident laser was 16 mW (corresponding to an average peak power of 2.5ϫ 10 3 W). Then the Glan-Taylor prism was rotated by 45°to write another bit sequence with the same parameters. The interval of adjacent bits was 4 m. It is found that when the polarization of the reading beam is the same as the recording beam, bright spots are monitored, and the spots fade out when the polarization of the reading beam is deviated with an angle of 45°. As shown in Figs. 2(a) and 2(b), different bit sequences present themselves when read by different polarized light. When the polarization of the reading beam is oriented at 22.5°, i.e., the middle of the two recording directions, all the bits are monitored by the sensor [see Fig. 2(c) ]. Meanwhile, the readout bit intensity is relatively lower, as we expected. Figure 2(d) shows the relationship between the intensity of the recorded bits and the reading beam polarization. It is found that the angular dependency is consistent with the curve of cos͑2͒, where is the angle between the polarization directions of the recording beam and the reading beam. The maximum and minimum of readout intensities appear when the angles between polarization directions of the recording beam and the reading beam are 0°and 90°, respectively. Considering that the average intensity of the background is about 80, dark dots appear when the polarization direction of the reading beam is perpendicular to that of the recording beam. It is noteworthy that when recorded below 12 mW with the exposure time of 35 ms, the dark dots cannot be distinguished from the untreated area when read by a perpendicularly polarized beam, whereas bright dots can still be clearly identified by the parallel beam. In other words, with a given exposure time, the phenomenon of mutation between bright dots and dark dots can be observed only on the condition that the bits are recorded above the threshold power. As discussed above, the evidence of multilevel storage is presented by the readout patterns with obviously different gray levels when recorded by different polarized beams (see Fig. 3 ). The pattern was recorded by moving the tightly focused laser in the film with the speed of 3.6 m / s and an average continuous power of 10 mW. A 0°polarized beam was first used to write the two outer Olympic rings, and then a 90°polarized beam was used to write the other three rings in the middle. The polarization directions of the reading beam were [ Fig. 3(a) ] 0°, and [ Fig. 3(b) ] 90°. As shown in Fig. 3 , bright rings and dark rings appear in readout images. This indicates that information with different gray levels can be stored conveniently by recording beams with different polarization states. The multilevel information recording is realized by using the gray value to differentiate the levels, namely, signal amplitude modulation. Moreover, two-photoninduced polarization multiplexed and multilevel storage in poly(MMA-co-M2BAN) film is rewritable, associated with the reversible trans-cis-trans photoisomerization process of the bisazochromophores.
In conclusion, two-photon-induced polarization multiplexed storage in poly(MMA-co-M2BAN) film with negligible cross talk and multilevel storage have been presented. It is demonstrated that polarization multiplexed and multilevel storage can be integrated together. Our results provide the possibility for multilayer, polarization-multiplexed, and multilevel optical data storage, which can significantly increase the data density. 
